The term 'trace element' arose when chemists, although aware of the presence of a variety of elements in biological materials, were unable to give a figure for their concentration and inserted 'trace' in their tables. The term is clearly no longer appropriate because it is now possible with modem methods to collect quantitative data for many of these elements although such data have not actually been collected in many cases. Elements which are 'traces' in one material may not be in otherse.g. iodine and iron are traces in plasma but not in the thyroid gland or erythrocytes respectively. In spite of the limitations of the term and the impossibility of defining it accurately it is nevertheless a convenient and wellunderstood label. Suggestions for more logical names have been made, of which 'micronutrients' is perhaps the most apt, but they have not become widely used.
The trace elements believed to be essential for animals are cobalt, copper, iron, iodine, manganese, molybdenum, selenium and zinc: it is uncertain whether fluorine and vanadium are essential. Plant requirements are slightly different in that iodine is not required and boron is. Silicon is not necessarily essential but is beneficial to plants (Schuitte 1964) .
It might be thought that it is easy to determine whether a trace element is or is not essential and, if essential, its requirement. In practice it is not only technically difficult but complicated theoretically by the interrelations of trace elements and by various other circumstances such as the effect of the pH of soil on the uptake of trace elements by plants. An excess or deficiency of one trace element may increase or decrease the uptake by plants or the requirement by animals of other elements. For example, on soils which are high in phosphorus (not itself regarded as a trace element since its concentration is too high) the uptake by plants of zinc and calcium is reduced. An alkaline soil favours the uptake of molybdenum but disfavours the uptake of boron, calcium, iron, manganese and zinc. The treatment of the results of excess molybdenum by feeding the antagonistic ions copper and sulphate is a well-established example of this interaction (but, unfortunately, not realized by many who have carried out animal experiments on trace elements and caries).
In a fairly small island such as Britain, where foods are eaten long distances from their origin, it is clearly more difficult to establish relations between a condition like caries and local environmental factors. This consideration is less true of large continents like North America and does not apply at all to primitive self-contained communities which produce their own food supply entirely.
With fluoride, the concentration in the drinking water has a dominating effect on intake since the concentrations in food are low and this has misled dental workers to assume that water is an important source of other trace elements. Hadjimarkos (1966) has pointed out that fluoride is exceptional and that the greater part of most trace elements is derived from food rather than water.
Trace Elements and the Geographical Distribution ofCaries Striking differences between the incidence of caries in different, but sometimes close, geographical areas followed by the analysis of trace elements in food, soil or water, have been the usual means of relating trace element intake to caries.
Molybdenum: One of the first indications of the importance of trace elements other than fluoride arose from the work of Adler & Straub (1953) (Table 1) who found villages in Hungary with a low caries rate that could not be explained by fluoride intake and reported that the water con- Adler 1957) . More recent analyses of waters in other molybdenum areas suggest that this figure is exceptionally high. Experiments with rats on a coarse-corn cariogenic diet receiving 0-1 ppm molybdenum (as ammonium molybdate) confirmed the anti-caries action of this element although this result is surprising since the unrefined diet (which was not analysed) would be expected from other data to contain about 0 5 ppm of molybdenum and provide more than the water. Experiments designed to distinguish between a pre-and post-natal effect suggested, on their face value, that both occurred, but the differences in caries between the three succeeding generations arose because of an increase in the scores of the control groups rather than a decrease in those receiving molybdenum prenatally (Adler & Porcsalmy 1961) .
The second piece of epidemiological evidence that molybdenum reduces caries emerged when Napier, New Zealand, was considered as a control to the neighbouring town of Hastings where fluoridation was planned. A low caries rate was found in Napier which was tracked down to the high molybdenum content of the vegetables grown on land which had been raised from sea level after an earthquake in 1932 ( Table 2 ). The molybdenum concentration in the soil was not high but soil alkalinity favoured the molybdenum uptake by the plants. Again, animal experiments supported the hypothesis. The ash of vegetables grown in Napier was found to reduce caries, as did the ash from the control material to which molybdenum had been added. Other differences between the composition of the ash were found; for example, elements in the ash from Hastings vegetables might have been expected to exert an anti-caries effect, but apparently the effect of molybdenum in the Napier ash predominated (Ludwig et al. 1962) .
The third area supporting the anti-caries effect of molybdenum is in part of Somerset, England, where farm animals suffer from 'teart' caused by excessive molybdenum intake. Schoolchildren in this area had a lower caries incidence than controls and, as Table 3 shows, the average molybdenum concentration in milk, spot samples of Table 2 Influence of molybdenum on caries (DMF) in New Zealand towns (Ludwig 1963 Molybdenum in vegetables (ppm) up to 10 0 urine and extracted whole teeth was higher than in the corresponding control (Anderson 1966 (Anderson , 1969 . The molybdenum in the water supply (0-003 ppm) is typical and only marginally higher than the control, contrasting with Adler & Straub's result of 0-1 ppm. Milk seems the most likely source of the dietary molybdenum as vegetables were not grown in the area. The cows from which the local milk was obtained were Table 3 Influence of molybdenum on caries in Somerset (Anderson 1966 (Anderson , 1969 Molybdenum treated with copper sulphate which prevented teart, but whether it acts by reducing molybdenum uptake or by reducing its toxic effect after absorption is uncertain. If the former, then presumably the milk contained less molybdenum than if the animals were untreated. The reason for the higher fluoride concentration in the teeth from the molybdenum area, Table 3 , is not known: possibly the effect was explained by some unexpected fluoride source or molybdenum was increasing fluoride storage as certain animal experiments have suggested. Although there are weaknesses in all three of these surveys, taken together they provide reasonably good evidence for an anti-caries effect of molybdenum. Animal experiments have given somewhat indecisive results, but again, in general, lead to the same conclusion. Some of the reasons for the contradictory results will be mentioned later. A more detailed review of the molybdenumcaries relationship has appeared elsewhere (Jenkins 1967) .
Vanadium: Animal experiments have suggested that vanadium may reduce caries but others have obtained the opposite result. An epidemiological survey in Wyoming gave limited support for a protective effect in man (Tank & Storvick 1960, who also give references to the animal work). There has been very little further work on this element in relation to caries.
Seleniuman element which increases caries: Hadjimarkos (1969) has reviewed his considerable data showing that caries is more prevalent in West than in East Oregon and relating this A similar trend was also reported by Ludwig & Bibby (1969) difference to a higher selenium intake (see Table  4 ). In other caries-increasing diets, e.g. containing millet or a high level of yeast, the effect is associated with a high selenium intake and although a causal relationship has not been firmly established some support has been given in surveys by Ludwig & Bibby (1969) and Tank & Storvick (1960) . Selenium has been reported to increase caries in rats when ingested during tooth development. Selenium is known to enter proteins and could perhaps affect the organic matrix of teeth although this possibility has not been investigated experimentally. Hadjimarkos found that selenium feeding reduced both food and water intake but had a greater effect on water than on food intake, and suggested that this might also favour caries.
Although selenium is an essential element there are indications that excessive intake increases caries and that the margin between the physiological and pathological dose is small. Cadell (1964) carried out a survey of the distribution of caries in New Zealand in relation to soil composition. He found that a low caries incidence was associated with alkaline soils, and with areas with well-drained gravelly soils (presumably where leaching of soluble material was minimal). Many factors influence the availability and uptake of trace elements by plants besides their concentration in the soil, and it would be surprising if caries incidence and soil composition were directly related. In this survey Cadell related caries to the composition of a standard strain of sweet vernal which had been grown on the majority of New Zealand soils and gave an indication of the availability of trace elements. Such analyses tentatively suggested a low availability of molybdenum, boron and strontium in the areas with a high caries incidence. This finding is of particular interest in view of later work.
Caries and Soil Composition
A similar study by Barmes (1969) in the very different environment of New Guinea has supported quite independently some of Cadell's conclusions, although Barmes emphasizes the pro-visional nature of some of the figures. Barmes analysed foods and soils in the vicinity of 21 villages in New Guinea which were then divided into four groups on a similarity basis (i.e. those villages with the soils and foods which most resembled each other were averaged). Caries incidence in the four groups was then compared and striking correlations emerged with soil composition but not with that of the staple food, sago. The data are presented by Barmes in two large tables each containing about 700 figures. Those figures which showed a correlation have been averaged and presented in a condensed form in Table 5 . It is clear that a low caries incidence is associated with higher levels of strontium, barium, manganese and lithium and of pH. The molybdenum of the soils did not differ but the higher pH might be expected to make it more available. The composition of the plants did not in general show these correlations, so the link between the soil and caries remains speculative, and its importance must not at present be overrated. Losee & Adkins (1969) summarized their work on caries in naval recruits in USA. A total of 360 caries-free recruits were found over the last ten Table 5 Trace elements (ppm) in soils of 21 New Guinea villages grouped according to caries incidence (calculated from Barmes years (equal to a rate of 1 in 750) and when their childhood residences were plotted on a map, clustering was observed in north-west Ohio, the north-east of South Carolina and west central Florida. Analyses of a limited number of water supplies in the first two of these areas, compared with those of areas with a high caries record, showed marked differences in the concentrations of boron, lithium, molybdenum and strontium (Table 6 ). It was realized that drinking water was not an important source of these trace elements so the effect of cooking beans in water from the caries-low area of NW Ohio on the trace elements was studied. The results showed that several trace elements left the vegetable during boiling but the losses were presumably lower than after cooking with water low in trace elements. Of the elements implicated in caries, only boron increased after the cooking (results already published by others suggest that foods may take up fluoride when cooked in water containing 1 ppm F).
Caries and Composition of Water in USA
After locating these areas by tracing the homes of the caries-free recruits, epidemiological studies amongst children in Ohio by Curzon, Losee, Adkins and Bibby (personal communication) confirmed that where the water supplies were high in boron and strontium the DMF rate was lower (by 26 %) than in control areas.
The fact that in these surveys, though limited in scope, some of the trace elements found overlap with the quite independent observations in very different circumstances, strengthens the case for believing that these elements are important in caries. It is particularly striking that strontiumnot previously suspected of being related to caries should be found in all five of the surveys, boron in four and lithium and molybdenum in three (Table 7) . Nevertheless, it must be emphasizedthat it has not yet been shown conclusively that the intake of these trace elements really is higher in these areas as the weakest part of the argument is the nature of the link between the presence of these elements in the environment and their intake and effects on teeth. Other epidemiological data from USA and South Africa reviewed by Ludwig et al. (1964) have related caries incidence to soil type rather than to composition, but in general leached acid soils were associated with high caries and arid areas, or areas near river mouths with rich alluvial deposits, with a low caries incidence.
Animal Experiments on Trace Elements and Caries
Although some experiments on animal caries have confirmed the effects of certain trace elements, the results as a whole are confused and contradictory (Buittner 1969) . Unfortunately many experiments have been badly designed and many important factors have been ignored. Among the reasons for the discrepancies are:
(1) Lack of information about the concentration of trace elements in the basal cariogenic diet.
(2) Failure to realize that the action of one trace element is often dependent on the dietary level of others (e.g. the effect of copper and sulphate on molybdenum requirements).
(3) Use of a variety of substances supplying trace elements and ignorance of the chemical form occurring naturally in foods (e.g. molybdenum has been fed as molybdates and as paramolybdates whereas in foods it is probably bound to proteins in enzymes).
(4) Trace elements have usually been fed after the teeth have erupted but the action on caries may depend on pre-eruptive or even pre-natal effects.
(5) High doses of many chemicals have a nonspecific effect on the well-being of animals, e.g. a sufficiently high dose of many substances imparts an unpleasant taste which discourages food intake and this in turn reduces caries.
There is a need for a reinvestigation in animals of the effect on caries of most of the trace elements in experiments in which the above pitfalls are avoided, although much more analytical data is required before points (1), (2) and (3) can be met.
Mode ofAction of Trace Elements in Caries
In the present state of uncertainty as to which trace elements influence caries and of the extrernely limited information on the concentrations of trace elements in dental tissues and plaque, it is premature to discuss modes of action in detail. Kruger (1959 Kruger ( , 1962 has investigated the effect on the morphology of rats' teeth of many trace elements when injected into the young during tooth formation. A number of elements, boron, fluorine and molybdenum, influenced the size of these teeth and the shape of fissures in a way which might be expected to reduce caries. Measurements of children's teeth by Cooper & Ludwig (1965) in the fluoridated town of Hastings and the molybdenum area of Napier (New Zealand) showed that in Napier there was a small but statistically significant difference between both the size of teeth and the shape of fissures compared with controls, while in Napier there was no difference in size but fissure depth and buccal convexity were slightly smaller. These differences were so minute, however, that it is uncertain whether they would affect caries.
Future work may reveal effects of trace elements on properties such as solubility of dental tissues and of possible effects on plaque formation or metabolism. Preliminary in vitro experiments in the author's laboratory have given no support to the possibility of post-eruptive effects of this type by those trace elements which seem to be implicated in caries, but difficulties in deciding on the concentration and chemical forms which should be tested have prevented any decisive experiments in this field. It is of interest to note that, excluding molybdenum, the elements which have emerged as being related to caries are not essential for animals and do not participate in the usual function of trace elements as constituents or activators of enzymes.
Conclusion
It seems obvious from this review that some trace elements, namely boron, molybdenum, strontium and lithium, are correlated with caries in man and either singly or together may have a potentiality in caries prevention at least as effective as that of fluoride. There seems reasonable hope that the intensive work now in progress in many laboratories in disentangling the relationships between the trace elements of water, soil, food and caries will eventually suggest important practical applications.
